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SUMMARY
Non-random assemblages have been described as a common pattern of ﬂea co-occurrence across mainland host species.
However, to date, patterns of ﬂea co-occurrence on islands are unknown. The present work investigates, on one hand,
whether the decrease in the number of species on islands aﬀects the pattern of ﬂea co-occurrence, and on the other hand, how
the cost of higher ﬂea burdens aﬀects host body mass. The study was carried out in the Canary Islands (Spain) using null
models to analyse ﬂea co-occurrence onRattus rattus andMusmusculus. Results supported aggregation of ﬂea species inMus
but not inRattus, probably due to the relationship between abundance and both prevalence and intensity of infection of the
main ﬂea species parasitizingMus. In addition, heavy individuals of both rodent species showed the highest ﬂea burdens as
well as higher species richness, probably due to the continued accumulation of ﬂeas throughout life and/or immunological
resistancemechanisms.Whatever themechanisms involved, it is clear that co-occurrence and high parasite intensities do not
imply a detrimental biological cost for the rodents of the Canary Islands.
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INTRODUCTION
Despite intensive research eﬀorts to describe ecto-
parasite assemblages (notably ﬂeas) in small mam-
mals around the world (Krasnov et al. 2006, 2010,
2011), little is known about their existence on islands.
Flea assemblages are commonly non-random, with
positive co-occurrence among species being the rule
rather than the exception in nature (Krasnov et al.
2011). According to the theory of island biogeo-
graphy (TIB, MacArthur and Wilson, 1967), islands
show an impoverishment in terms of biodiversity
and thus in the number of potential host species.
Nevertheless, insular populations are aﬀected by a
set of changes known as ‘insular syndrome’ that
inﬂuence their life-history traits (Blondel, 1995). As a
consequence, populations of rodents on islands
typically experience high densities in comparison to
mainland populations. A decrease in interspeciﬁc
competition, a low predation pressure, and a wider
ecological niche appears to explain these successful
populations (Alder and Levins, 1994). Accordingly,
ﬂea communities on islands should also be structured
due to greater opportunities to encounter potential
hosts in these small, but overcrowded, populations.
Regardless of the role of host population structure
on the establishment of ﬂea communities, activation
and/or suppression of the host immune response by
one ﬂea species is one of the likely mechanisms for
explaining positive co-occurrence. Within this per-
spective, an early infection would facilitate host-
exploitation by the subsequent colonizer (Krasnov
et al. 2005). However, co-occurrence could also be
explained regardless of immune system conditions,
simply assuming that some host individuals represent
better habitats for ﬂeas (or any parasite species)
than others, e.g. those providing high-quality re-
sources and lower behavioural or immunological
barriers against ectoparasites (Krasnov et al. 2010).
In addition, as previously mentioned, the most
abundant host species would also be good candidates
for co-infection by several ﬂea species (Krasnov,
2008).
On the other hand, parasitized hosts generally have
higher energy requirements than non-parasitized
hosts due to extra energetic costs for maintaining a
normal level of immune response during infection
(Viney et al. 2005). However, and despite body mass
losses due to infection (e.g. partially induced by
increased daily metabolic rates) shown by certain
rodent species (Khokhlova et al. 2002), there are no
general rules concerning host energetic expenditures
during infection (e.g. see Hawlena et al. 2006a for
rodent species showing a constitutive immune
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response). In fact, ﬂea infestation is more detrimental
to hosts when they are not able to compensate for
mass loss through increased food consumption
(Hawlena et al. 2008). Therefore, natural selection
may limit natural ﬂea densities to minimize the nega-
tive eﬀects of infestation. Nonetheless, little is known
about the eﬀects of ectoparasite intensities on host
body mass losses in co-infection.
In this study, taking advantage of an intensive
sampling of ﬂeas infecting three rodent hosts (Rattus
rattus, Rattus norvegicus andMus musculus) through-
out the Canary archipelago, we explore whether
insularity shapes the patterns of co-occurrence de-
scribed mainly under mainland conditions. Speciﬁ-
cally, we tested the following predictions: although
ﬂea species found in the Canary Islands are rodent-
speciﬁc (Beaucournu and Launay, 1990) and rodent
communities are typically small (mostlyR. rattus and
M. musculus), the high rodent densities that occur on
islands (Alder and Levins, 1994) will favour ﬂea
infestation. Consequently, we predict that despite
isolation, non-random ﬂea co-occurrence will also be
the rule rather than the exception in the Canary archi-
pelago (ﬁrst prediction). Thus, the higher intensities
should be due to co-infection by several ﬂea species.
Therefore, higher ﬂea burdens in co-infection would
increase the cost of parasitism ultimately breaking the
equilibrium that maximizes ﬂea burdens while
minimizing host body weight losses (Hawlena et al.
2006b). Hence, we expect to ﬁnd higher ﬂea burdens
in hosts parasitized by a single ﬂea species, but lower
body weights in hosts carrying more than one ﬂea
species (second prediction).
MATERIALS AND METHODS
Study area and sampling procedure
The Canary Islands are located between latitudes
27°37′–29°25′ north, and longitudes 13°20′–18°10′
west. Situated in the Atlantic Ocean about 100 km
fromAfrica’s west coast, the Canaries are divided into
the western islands (El Hierro, La Palma, La Gomera
and Tenerife) and the eastern islands (Gran Canaria,
Fuerteventura and Lanzarote) (Fig. 1). The climate
of the Canary Islands is mainly subtropical varying
between 22 °C in summer to 19 °C in winter. Despite
average annual precipitation ranges between 300 to
600mm, rain patterns strongly depend on island
relief and orientation. Indeed, the western islands are
characterized by a higher average altitude, by the
constant action of trade winds and by the formation
of the ‘sea of clouds’, leading to wetter climatic con-
ditions. On the other hand, the eastern islands show a
much lower altitude, there is no formation of ‘sea of
clouds’, and their climate is inﬂuenced by warm air
masses from the African continent. Thus, the eastern
islands showmore arid conditions, most signiﬁcantly
in Fuerteventura and Lanzarote.
Trapping was carried out from 2007 to 2012
resulting in 16 trapping campaigns: six in Tenerife,
three in El Hierro, two in La Palma, and one in La
Gomera, Gran Canaria, Fuerteventura, Lanzarote
and La Graciosa islet. A typical sampling campaign
consisted of two to six trapping sessions in which 200
live traps were placed in the late evening and collected
at dawn. The sampling eﬀort was 41 traps/day (mini-
mum= 10, maximum= 100). Two diﬀerent types of
live traps were used: Ferroven traps (n = 100) for both
M. musculus and Rattus species, and Sherman traps
(n = 100) forM. musculus.
The climatic contrast between western and eastern
islands results in the disposition of a great diversity of
vegetative species. Sampling areas included diverse
habitats located at diﬀerent altitudes in order to
cover the greatest range of biotopes from each island.
Mainly, traps were placed in coastal habitats
(0–50m), arid habitats dominated by diﬀerent bo-
tanical species but mostly belonging to the genus
Euphorbia (50–300m), crop ﬁelds (150–500m),
laurel forest habitats called ‘monteverde’ in the
western islands (500–1500m) and pine forests
(400–1900m). A total of 888 rodents (214 R. rattus,
14 R. norvegicus and 660M. musculus) were captured
and studied.
Flea identiﬁcation and analysis
Captured hosts were brought to the laboratory,
euthanased and immediately combed for ﬂea de-
tection. Flea species were preserved in 70% ethanol.
Prior to ﬂea species determination, each specimen
was subjected to a 20% potassium hydroxide clearing
treatment and a dehydration process using a series of
ethanol rinses of ascending concentration up to 100%.
The specimens were then mounted in Canada bal-
sam. Flea species and sub-species were determined
based on their morphological characteristics accord-
ing to the systematic manual of Beaucournu and
Launay (1990).
Finally, prevalence andmean intensity of ﬂea infes-
tation were estimated according to Bush et al. (1997).
Parasite richness was estimated as the number of ﬂea
species actually observed per host individual. This
measure is considered an appropriate proxy for para-
site biodiversity in a broad range of host species
(Bordes and Morand, 2009).
Statistical procedures
The community structure of ﬂeas was studied using
null models analysis. Data were organized as pres-
ence/absence matrices in which each row represented
a ﬂea species and each column represented an indivi-
dual host. In a presence/absence matrix a ‘1’ indicates
that a species is present at a particular site or host, and
‘0’ indicates that a species is absent (Gotelli, 2000).
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A total of 12 matrices were created separately for
Rattus sp. and Mus, representing for each the pres-
ence/absence of ﬂea species in every individual host
on each of the Canary Islands.
There are four indices for the analysis of
co-occurrence patterns as well as nine possible
algorithms for a null model analysis (Gotelli, 2000).
In the present work, the C-score, as a co-occurrence
index (Stone and Roberts, 1990) and the FE algor-
ithm (ﬁxed row-equiprobable column) have been
chosen for analysing the results obtained. The C-
score measures the average number of checkerboard
units between all possible pairs of species. In a com-
petitively structured community, the observed C-
score should be signiﬁcantly larger than expected by
chance (O>E). That community will tend to show
negative co-occurrence and to be segregated. Other-
wise, a C-score smaller than expected by chance
(O<E) indicates positive co-occurrence, and thus
species in that community will tend to be aggregated
(Gotelli and McCabe, 2002). The C-score has been
used in diverse null models as a powerful tool to
measure animal assemblages and ectoparasite co-
occurrences (Gotelli and Rohde, 2002; Krasnov et al.
2006, 2010, 2011; Both et al. 2011).
The FE algorithm describes how the rows and
columns of the matrix have been treated in the null
model. With the ﬁxed row, the observed row totals
are maintained in the simulation, i.e. the number of
occurrences of each species in the null communities
is the same as in the original data. Using the equi-
probable column, each site (host individual) is
equally likely to be represented (Gotelli, 2000).
Choosing the FE algorithm the null model is quite
similar to what happens in reality considering that
uninfected hosts could be used by parasites, but, by
chance, are not colonized (Gotelli and Rohde, 2002).
Uninfected hosts (empty sites) are included in the
input matrices because they are considered suitable
by ﬂeas to be parasitized.
The observed C-score was calculated for each
presence/absence matrix and compared with the ex-
pected C-score calculated for 5000 randomly as-
sembled null matrices by Monte Carlo procedures.
The analysis was carried out using the software
EcoSim 7·72 (Entsminger, 2012).
In addition, to compare the degree of co-
occurrence across data, we calculated a standardized
eﬀect size (SES) for each matrix. The SES measures
the number of standard deviations that the observed
index (C-score) is above or below the mean index of
the simulated communities. Whether or not the
average SES measured diﬀered from zero was tested
by a t-test (Gotelli and McCabe, 2002). Since ﬂea
aggregation would experience modiﬁcations among
years, we ﬁrst preformed our co-occurrence analysis
by island and year. However, since we got similar
results we pooled all years in the same co-occurrence
analysis, thus increasing our sample size.
After this analysis, we used linear mixed models
(LMM) to check whether this expected high density
of hosts is related to both prevalence and intensity of
ﬂea infestation. Speciﬁcally, in such mixed models,
the number of rodents trapped by location (a proxy
Fig. 1. Sampling areas and host species trapped on each island of the Canary archipelago, Spain.
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for rodent abundance, see Tobin and Sugihara, 1992)
was used as an explanatory variable, the term ‘island’
was considered as a random factor and ﬂea prevalence
or ﬂea infestation as response variables. Only trap-
ping locations with more than ﬁve captures were
included in the analysis. Concerning host species,
only Mus records were analysed since neither the
number of trapped R. norvegicus nor R. rattus were
large enough to ﬁt any model. With regards to ﬂea
species, only themost abundant ﬂea species (i.e. those
showing prevalences higher than 5·0%) of Mus were
considered. The best random structure (e.g. no
random term except for the ordinary residuals, ran-
dom intercept or random intercept and slope model)
was selected according to the Zuur et al. (2009)
protocol.
Finally, to explore whether themaximum intensity
of ﬂea parasitization was inﬂuenced by both ecto-
parasite richness and host body weight (higher ﬂea
burdens at lower body weights) we ﬁtted a set of
host-speciﬁc (one for M. musculus and the other for
R. rattus) independent generalized linear models
(GLM) in which ﬂea burden (as a response variable)
was explained by the single eﬀects of ﬂea richness,
host body weight and their two-way interactions.
Models were ﬁtted using Poisson errors and the
log link function. Flea intensity of infection was log-
transformed only for graphic representations and
only host individuals parasitized by at least one ﬂea
were retained for this analysis.
We then performed a model selection procedure
based on the information-theoretic approach and
Akaike’s Information Criterion corrected for small
sample sizes (AICc, see Burnham and Anderson,
2002; Johnson and Omland, 2004). In short, com-
peting models are ranked in relation to the diﬀerence
between their Akaike scores and the score of the best
model (Δi), which has the lowest AICc. Models with
Δi<2 units have substantial support for explaining
the observed variability in the variable of interest.
Subsequently, we estimated the Akaike weight (wi,),
deﬁned as the relative probability that a given model
is the best model for those being compared, and the
relative importance of each variable (Ri, the sum of wi
over the subset of models that include the variable;
Burnham and Anderson, 2002). Once the best model
had been selected, the explained deviance (ED) was
calculated as a measure of explained variability for
each response variable (Zuur et al. 2007). All statis-
tical analyses were performed using R software
version 3.0.1. (R Development Core Team, 2013),
including prevalence estimated by the ‘epiR’ version
0.9–48 package (Stevenson et al. 2013).
RESULTS
Flea prevalence and ﬂea intensities of infection
A total of 843 ﬂea specimens belonging to 5 genera
represented by 7 species and 1 subspecies were found
in the Canary Islands. Echidnophaga gallinacea
(Westwood, 1875) was represented by 8 specimens
collected from Rattus and 1 from Mus; Xenopsylla
cheopis (Rothschild, 1903) was collected from Rattus
(34 specimens) and Mus (10 specimens); Stenoponia
tripectinata tripectinata (Tiraboschi, 1902) was de-
tected on Rattus (3 specimens) and Mus (492 speci-
mens); Leptopsylla segnis (Schonherr, 1811) was
present in Rattus (58 specimens) and Mus (42 speci-
mens) and ﬁnally Nosopsyllus barbarus (Jordan &
Rothschild, 1912) was collected from Rattus (48
specimens) and Mus (49 specimens). Fleas only
detected in a single host species were: Echidnophaga
murina (Tiraboschi, 1903), 45 on Mus; Xenopsylla
brasiliensis (Baker, 1904), 5 onRattus; andXenopsylla
guancha (Beaucournu, Alcover & Launay, 1989), 48
onMus. No ﬂea species were found on R. norvegicus.
In terms of prevalence of ﬂea infection, 22·9% of
R. rattus (95% CI = 17·8–29·0, n = 214) and 30·9%
of Mus (95% CI = 27·5–34·5, n = 660) were para-
sitized by ﬂeas. The most prevalent ﬂea species on
R. rattus was L. segnis with 11·9% (95% CI = 7·9–
17·0), with Gran Canaria being the island on which
this ﬂea species displayed the highest prevalence.
ConcerningMus, the most prevalent ﬂea species was
S. t. tripectinata with 17·5% (95% CI = 14·6–20·5)
again on Gran Canaria also being the most abun-
dant of all the species found (Table 1). Four ﬂea
species were host-speciﬁc: X. brasiliensis for Rattus,
E. murina, X. guancha and S. t. tripectinata forMus.
The ﬂea speciesN. barbarus and L. segnis appeared in
both rodents but Rattus was revealed as its principal
host. Prevalence of N. barbarus in Rattus and Mus
was 9·6% (95% CI = 6·0–14·4) and 6·0% (95%
CI = 4·3–8·1) respectively, while prevalence of
L. segnis was 11·9% (95% CI = 7·9–17·0) in Rattus
and 4·3% (95% CI = 2·9–6·2) in Mus. In regards to
mean intensity, S. t. tripectinata was the ﬂea with the
highest value of 4·2 (95% CI = 3·07–5·40) in infected
Mus, and Tenerife the island with the greatest value,
5·4 (95% CI = 4·40–6·40, see Table 2).
Null models
Results of the null models show that the observed
C-score is smaller than expected by chance (O4E) in
every presence/absence matrix except for Rattus on
Tenerife and Lanzarote islands (Table 3). The values
are only signiﬁcant (P40·05) in the ﬂea community
of El Hierro for Rattus and in the ﬂea community of
La Palma forMus. Nevertheless, we should not reject
the other values since they show a tendency for ﬂea
communities to be aggregated. The SES values for
the averaged C-score diﬀered signiﬁcantly from zero
for Mus (t = −3·88, P= 0·008) but not for Rattus
(t = −1·23, P= 0·28). The C-scores for Rattus from
Tenerife and Lanzarote were greater than expected
by chance, perhaps because of the low ﬂea prevalence.
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Table 1. Prevalence of ﬂea parasitization and 95% conﬁdence intervals (CI) in 214 Rattus rattus (R. r.) and 660Mus musculus (M. m.) from the Canary Islands
Flea species
Prevalence (95% CI)
El Hierro La Palma La Gomera Tenerife
R. r. (n = 45) M. m. (n = 160) R. r. (n = 16) M. m. (n = 80) R. r. (n = 14) M. m. (n = 27) R. r. (n = 94) M. m. (n = 111)
E. gallinacea – – – – – – – –
E. murina – 5·0 (2·5–9·5) – – – – – –
X. cheopis 13·3 (6·2–26·2) 2·5 (1·0–6·2) – – – – – 0·9 (0·1–4·9)
X. brasiliensis – – – – 7·1 (1·3–31·5) – – –
X. guancha – – – – – – – –
S. tripectinata – 28·8 (22·3–36·2) – 26·2 (17·8–36·8) – 37·0 (21·5–55·8) – 17·1 (11·2–25·2)
L. segnis 24·4 (14·2–38·7) 7·5 (4·3–12·6) – 11·2 (6·0–20·0) 7·1 (1·3–31·5) 3·7 (0·6–18·3) 3·2 (1·1–9·0) 0·9 (0·1–4·9)
N. barbarus 8·9 (3·5 −20·7) 9·4 (5·8–14·9) 6·3 (1·1–28·3) 15·0 (8·8–24·4) 14·3 (4·0–39·9) – 6·4 (2·9–13·2) 3·6 (1·4–8·9)
Flea species
Prevalence (95% CI)
Gran Canaria Fuerteventura Lanzarote La Graciosa
R. r. (n = 19) M. m. (n = 41) R. r. (n = 6) M. m. (n = 62) R. r. (n = 20) M. m. (n = 137) M. m. (n = 42)
E. gallinacea 15·8 (5·5–37·6) – – 1·6 (0·3–8·6) – – –
E. murina – – – 3·2 (0·9–11·0) – 1·5 (0·4–5·2) –
X. cheopis 21·0 (8·5–43·3) 2·4 (0·4–12·6) 33·3 (9·7–70·0) 4·8 (1·6–13·3) 5·0 (0·1–24·8) – –
X. brasiliensis 5·3 (0·9–24·63) – – – 10·0 (1·2–31·7) – –
X. guancha – – – 6·4 (2·5–15·4) – 19·7 (13·9–27·1) 11·9 (5·2–25·0)
S. tripectinata 10·5 (2·9–31·4) 48·8 (34·2–63·5) – – – – –
L. segnis 52·6 (31·7–72·7) 4·9 (1·3–16·1) – 3·2 (0·9–11·0) 5·0 (0·1–24·8) 1·5 (0·4–5·2) –
N. barbarus 42·1 (23·1–63·7) 14·6 (6·9–28·4) – 3·2 (0·9–11·0) – 0·7 (0·1–4·0) –
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Table 2. Mean intensity and 95% conﬁdence intervals (CI) of ﬂea parasitization in 214 Rattus rattus (R. r.), and 660Mus musculus (M. m.), from the Canary
Islands
Flea species
Mean intensity (95% CI)
El Hierro La Palma La Gomera Tenerife
R. r. (n = 45) M. m. (n = 160) R. r. (n = 16) M. m. (n = 80) R. r. (n = 14) M. m. (n = 27) R. r. (n = 94) M. m. (n = 111)
E. gallinacea – – – – – – – –
E. murina – 1·25 (0·86–1·63) – – – – – –
X. cheopis 3·5 (0–7·52) 1·25 (0·45–2·04) – – – – – 1·0
X. brasiliensis – – – – 1·0 – – –
X. guancha – – – – – – – –
S. tripectinata – 3·72 (2·57–4·87) – 3·57 (1·35–5·79) – 4·5 (0–9·05) – 5·4 (0–11·24)
L. segnis 1·73 (0·88–2·58) 1·25 (0·96–1·53) – 2·0 (1·06–2·94) 3·0 1·0 3·3 (0–13·36) 1·0
N. barbarus 3·0 (0·76–5·24) 1·13 (0·94–1·32) 2·0 1·5 (1·07–1·92) 3·0 – 2·33 (0–5·27) 1·0
Flea species
Mean intensity (95% CI)
Gran Canaria Fuerteventura Lanzarote La Graciosa
R. r. (n = 19) M. m. (n = 41) R. r. (n = 6) M. m. (n = 62) R. r. (n = 20) M. m. (n = 137) M. m. (n = 42)
E. gallinacea 2·33 (0–5·19) – – 1·0 – – –
E. murina – – – 1·5 (0–7·89) – 16·0 (0–168·47) –
X. cheopis 1·75 (0·22–3·28) 1·0 2·5 (0–8·88) 1·0 1·0 – –
X. brasiliensis 1·0 – – – 1·5 (0–7·89) – –
X. guancha – – – 1·5 (0·58–2·42) – 1·37 (1·12–1·62) 1·0
S. tripectinata 1·5 (0–7·89) 4·9 (2·75–7·05) – – – – –
L. segnis 2·5 (1·53–3·46) 1·5 (0–7·89) – 1·0 1·0 1·0 –
N. barbarus 1·75 (0·78–2·72) 1·17 (0·74–1·60) – 1·0 – 1·0 –
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Table 3. Observed (O) and expected by chance (E) values of the C-score for presence/absence matrices of
ﬂea communities on 214 Rattus rattus and 660Mus musculus sampled in the Canary archipelago, Spain.
Negative values of the standardized eﬀect size (SES) indicates that O < E, whereas positive values indicate
the contrary. The asterisk indicates signiﬁcant P-value <0·05
Island
R. rattus M. musculus
C-score
P SES
C-score
P SESO E O E
El Hierro 17·00 31·49 0·01* −2·35 161·50 166·27 0·36 −0·33
La Palma 92·33 122·36 0·04* −1·75
La Gomera 1·00 1·49 0·22 −1·53 0·00 6·85 0·31 −1·47
Tenerife 18·00 16·40 0·81 0·48 10·50 16·83 0·07 −2·03
Gran Canaria 8·00 8·89 0·27 −0·60 15·17 16·79 0·43 −0·34
Fuerteventura 4·80 4·91 0·33 −0·36
Lanzarote 1·67 1·50 0·75 0·53 14·67 19·33 0·21 −1·15
Fig. 2. Inﬂuence of host abundance (number of rodents captured in 200 live traps) at trapping locations on both
prevalence (white dots A) and mean intensity (solid dots, B) of ﬂea parasitization of the most abundant ﬂea species
(S. t. tripectinata, L. segnis, N. barbarus and X. guancha) inMus musculus from Gran Canaria, Tenerife, El Hierro and
La Palma. Broken lines represent islands whereas solid lines represent the average trend. Only trapping locations with
more than ﬁve captures were considered.
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On the other hand, we found a positive relation-
ship between Mus abundance and both prevalence
(βabundance = 0·28, S.E. = 0·24, t-value = 1·16, Fig. 2A)
and intensity of infection (βabundance = 0·04,
S.E. = 0·01, t-value = 2·4, Fig. 2B) of the most abun-
dant ﬂea species (i.e. S. t. tripectinata, L. segnis,
N. barbarus and X. guancha). Between 0·01 to 20%
of observed variability in both prevalence and
intensity of ﬂea infection in Mus, was respec-
tively explained by diﬀerences among trapping
locations.
Evaluating the biological cost of ﬂea co-occurrence
The chosen model selection showed that the best
model for explaining the observed variability in ﬂea
burden in both host species were those that included
the additive eﬀects of ﬂea richness and body weight
(Table 4). For Mus (wFlea richness+Body Weight = 0·73),
this model explained 13·2% of the observed vari-
ability in ﬂea intensity of infection, whereas the value
was 49% in Rattus (wFlea richness+Body Weight =
0·77). For both host models, ectoparasite richness
(βFlea richness = 1·03, S.E. = 0·09, z-value = 14·4 for
Mus and βFlea richness = 4·08, S.E. = 0·65, z-value = 6·1
for Rattus, see Fig. 3A and B respectively) and body
weight, had positive eﬀects on ﬂea intensity of infec-
tion indicating that optimum ectoparasite intensity of
infection peaked in the heaviest hosts carrying more
than one ﬂea species. In fact, Mus carrying two ﬂea
species had in average of 2·8 more ﬂeas than those
parasitized by a single ﬂea species. In Rattus, in-
dividuals infected by two species carried an average
of three times more ﬂeas than mono-parasitized
hosts. Finally, higher ﬂea loads did not result in
body weight impairment. Heavier Mus individuals
(βBody weight = 0·05, S.E. = 0·01, z-value = 3·53,
Fig. 4A) and Rattus (βBody weight = 0·002, S.E. =
0·005, z-value = 0·5, Fig. 4B) showed higher ﬂea
burdens, contrary to our predictions.
DISCUSSION
Diﬀerent patterns of co-occurrence inMus and Rattus
The results showed a tendency for aggregation rather
than segregation of ﬂea assemblages in the Canary
Islands, as described in other continental areas (in
accordance with our ﬁrst prediction). Such assem-
blages, however, were host-speciﬁc and were non-
random inMus but random in Rattus.
Body size has been tested frequently as a parameter
of parasite diversity with the assumption that larger
body-sized hosts are likely to sustain richer ﬂea
assemblages because they provide more space and
Table 4. Model selection for the intensity of ﬂea
infection in 660Mus musculus and 214 Rattus rattus
trapped in the Canary archipelago, Spain.
Mo = null model only including the intercept term,
K = number of parameters, AICc =Akaike
Information Criterion corrected for small samples
sizes, Δi= diﬀerence of AICc with respect to the
best model, wi = Akaike weight. In bold, models
with substantial support
Biological models K AICc Δi wi
Mus musculus
Body weight+
Flea richness
3 1099·16 0 0·73
Body weight*
Flea richness
4 1101·19 2·03 0·26
Flea richness 2 1110·61 11·45 0·01
Body weight 2 1187·09 87·93 <0·001
Mo 1 1193·83 94·68 <0·001
Rattus rattus
Body weight+
Flea richness
3 206·95 0 0·77
Body weight*
Flea richness
4 209·40 2·45 0·22
Flea richness 2 216·96 10·01 0·01
Body weight 2 233·32 26·37 <0·001
Mo 1 240·79 33·84 <0·001
Fig. 3. Box plot showing the relationship between ﬂea
richness and intensity of ﬂea parasitization in 204 box-
trappedMus musculus (A) and 48 Rattus rattus (B) from
the Canary archipelago, Spain.
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a greater variety of niches (Kuris et al. 1980).
Nonetheless, although in ungulates (Ezenwa et al.
2006) and bats (Bordes et al. 2008), positive cor-
relation between host body size and parasite species
richness appears to be the rule, rodents (Feliu et al.
1997) and primates (Nunn et al. 2003) are clear
exceptions. In this study, host abundance rather than
body size explains these patterns of co-occurrence.
Both rodents can be found in the seven islands of
the Canary archipelago in a broad range of ecosys-
tems, from sea level to the high peaks (Nogales et al.
2006). In this work,Rattus andMus were captured at
low and high altitudes (<100 and >1300m) even
often sharing the same habitats. However, it can be
postulated that successive rat control campaigns in
order to preserve native fauna and avoid detrimental
eﬀects caused by R. rattus, resulted in an increase
in the Mus population (Rando, 2009). Regarding
R. norvegicus, the low numbers of this rat species
captured throughout the study (only 14 specimens),
is the main reason for the lack of ﬂeas found in this
species. This rodent species is found mostly in urban
areas living in dumps, sewers and basements and is
frequently found in harbours (Blanco, 1998). In the
current study, the trapping locations were primarily
in rural and wild habitats whereR. rattus is favoured.
Hence, despite that habitats were sampled propor-
tionally and that half of the live traps were speciﬁc for
each host species, Mus individuals were captured
three times more thanRattus. This biased abundance
in favour of Mus would guarantee more constant re-
source availability and thus high reproductive success
for ﬂeas and the appearance of ﬂea assemblages,
in particular for the most abundant species (e.g.
Stenoponia tripectinata tripectinata and Xenopsylla
guancha, Table 3). The positive relationship between
Mus abundance and prevalence andmean intensity of
ﬂea infestation, mainly for the most abundant
species, is in line with this hypothesis.
In accordance with the idea that host abundance
rather than host size drives ﬂea assemblages, we ob-
served that most of the generalist S. t. tripectinata
were collected from Mus rather than from Rattus.
This ﬂea species parasitizes a wide range of rodents
(Apodemus, Arvicanthis, Meriones, Microtus and
Pitymys, see Hopkins and Rothschild, 1962) and
even non-rodent species (e.g. Crocidura russula,
see Jordan, 1958), and, at least in theory, would be
expected in Mus and Rattus in a similar proportion.
However, of the total 495 specimens of
S. t. tripectinata observed, only three specimens
(0·4% of records) were detected in Rattus, suggesting
an accidental parasitization. This can all be con-
sidered clear evidence of the fact that high host
densities are more inﬂuential than body size for some
ﬂea species. Along the same line, in the islands where
S. t. tripectinata was not detected, the non-random
assemblage seems to be due to X. guancha, to date
the only endemic species of ﬂea in the archipelago
(Beaucournu and Launay, 1990), and with the
highest prevalence in Mus in the absence of Steno-
ponia (Table 3).
According to Krasnov et al. (2005), when a certain
ﬂea species parasitizes a host it may facilitate the
exploitation by other ﬂea species due to the de-
pression of the immune system. The positive co-
occurrence (aggregation) of ﬂea species in Mus and
not in Rattus may be due principally to the great
number of S. t. tripectinata and to a lesser extent to
X. guancha, which may favour infection by other ﬂea
species (Fig. 4).
High tolerance to co-infection
Contrary to our expectations, the higher ﬂea inten-
sities occurred in the heaviest individuals (Fig. 4). In
addition, such heavily infected individuals com-
monly carried more than one ﬂea species (Fig. 3)
indicating that the cost of multiple infections is low
for both host species. There are two possible
Fig. 4. Relationship between host body weight and ﬂea
intensity of infection inMus musculus (A) and Rattus
rattus (B) from the Canary archipelago, Spain.
519Co-occurrence of ﬂeas in rodents in the Canary archipelago
http://dx.doi.org/10.1017/S0031182013001753
Downloaded from http:/www.cambridge.org/core. Open University Libraryy, on 22 Dec 2016 at 20:48:38, subject to the Cambridge Core terms of use, available at http:/www.cambridge.org/core/terms.
explanations for the positive correlation between host
bodymass (weight in the absence of body length) and
intensity of ﬂea parasitization in Mus (Figs 3A and
4A) and Rattus (Figs 3B and 4B). The ﬁrst is based
on the fact that older individuals harbour more
parasite species than younger ones as a consequence
of the continued parasite accumulation throughout
life (Morand, 2000). In fact, since body weight is a
common proxy for age in rodents, heavy, and hence
older, individuals will show higher infestation loads.
Nevertheless, exceptions to this pattern are common
(Stanko et al. 2002;Krasnov et al. 2004). On the other
hand, the apparent tolerance of ﬂea infection found
in our host system could be due to a phenomenon
known as cross-reactivity due to similarity of anti-
clotting, antiplatelet and vasodilatory substances
contained in the saliva of the diﬀerent parasite taxa
(Mans et al. 2002). Experiments developed by
Khokhlova et al. (2004a,b) demonstrate the existence
of cross-reactivity between several ﬂea species in wild
rodents. Even though the ﬂea species in these studies
belong to the family Pulicidae and cross-reactivity
has been described for congeneric rather than
heterogeneric ectoparasites (McTier et al. 1981), the
similarity of salivary components within a parasite
taxon can lead to cross-reactivity of a host against
closely related parasites (den Hollander and Allen,
1986). Cross-reactivity may lead the host to tolerate
a multi-infection, explaining why heavier hosts
are exploited by diﬀerent ﬂea species. Thus, in this
study, immunosuppression resulting from parasiti-
zation by multiple ﬂeas throughout life and cross-
reactivity could explain the aggregation of ﬂeas on
heavier host individuals. Whatever the mechanism
involved, it is clear that the energetic cost of ﬂea
infestation in the main rodent species in the Canary
Islands is low.
In summary, as a result of this study, two
conclusions can be drawn. First, patterns of ﬂea co-
occurrence in insular areas depend mainly on the host
density. Apparently, non-randomness is shaped by
host-speciﬁc ﬂeas that favour the exploitation of non-
speciﬁc ﬂeas. Second, it appears that co-infection
does not aﬀect the host negatively with some tol-
erance to parasitization by diﬀerent ﬂea species.
However, due to the observational nature of this
study, further experimental research on the role of
early infections on the success of infection of new
colonizers in the absence of food restrictions are
necessary to better understand the low cost of ﬂea
infestation in insular habitats.
ACKNOWLEDGEMENTS
Wewould especially like to thankDrNicholas J. Gotelli for
his valuable comments about the use of Null Models.
Thanks to Chema López-Martín for his assistance in the
map elaboration.
FINANCIAL SUPPORT
This work was funded by the project CGL2009-07759/
BOS of the Ministerio de Ciencia e Innovación of Spain
and also by 2009-SGR-403 of the Generalitat of Catalonia
(Spain). E. Serrano was supported by the Beatriu de Pinós
programme (BP-DGR 2011) of the Catalan system of
Science and Technology (Spain). The authors declare that
Fig. 5. Frequency of appearance (%) of ﬂea pairs inMus musculus and Rattus rattus from the Canary archipelago, Spain.
Only individuals carrying more than one ﬂea species are represented.
520S. Sánchez and others
http://dx.doi.org/10.1017/S0031182013001753
Downloaded from http:/www.cambridge.org/core. Open University Libraryy, on 22 Dec 2016 at 20:48:38, subject to the Cambridge Core terms of use, available at http:/www.cambridge.org/core/terms.
this research received no speciﬁc grant from any funding
agency, commercial or not-for-proﬁt sectors.
REFERENCES
Alder, G. H. and Levins, R. (1994). The island syndrome in rodent
populations. Quarterly Review of Biology 69, 473–490.
Beaucournu, J. C. and Launay, H. (1990). Les puces de France et du
basin mediterraneen occidental, Faune de France, Vol. 76. Fédération
Française des Sociétes de Sciences Naturelles, Paris, France.
Blanco, J. C. (1998).Mamíferos de España, Vol. II. Geoplaneta, Barcelona,
Spain.
Blondel, J. (1995). Biogéographie: Approche écologique et évolutive. Masson,
Paris, France.
Bordes, F. and Morand, S. (2009). Parasite diversity: an overlooked
metric of parasite pressures? Oikos 118, 801–806. doi: 10.1111/j.1600-
0706.2008.17169.x.
Bordes, F., Morand, S. and Guerrero, R. (2008). Bat ﬂy species richness
in Neotropical bats: correlations with host ecology and host brain.Oecologia
158, 109–116. doi: 10.1007/s00442-008-1115-x.
Both, C., Melo, A. S., Cechin, S. Z. and Hartz, S.M. (2011). Tadpole
co-occurrence in ponds: when do guilds and time matter? Acta Oecologica
37, 140–145. doi: 10.1016/j.actao.2011.01.008.
Burnham, K. P. and Anderson, D. R. (2002). Model Selection and
Multimodel Inference: A Practical Information-Theoretic Approach.
Springer-Verlag, New York, USA.
Bush, A. O., Laﬀerty, K. D., Lotz, J.M. and Shostack, A.W.
(1997). Parasitology meets ecology on its own terms: Margolis et al.
revisited. Journal of Parasitology 83, 575–583.
den Hollander, N. and Allen, J. R. (1986). Cross-reactive antigens
between a tick Dermacentor variabilis (Acari: Ixodidae) and a mite Prosoptes
cuniculi (Acari: Psoropeptidae). Journal of Medical Entomology 23, 44–50.
Ezenwa, V., Price, S. A., Altizer, S., Vitone, N. D. and Cook, C.
(2006). Host traits and parasite species richness in even and odd-toed
hoofed mammals, Artiodactyla and Perissodactyla. Oikos 115, 526–536.
doi: 10.1111/j.2006.0030-1299.15186.x.
Feliu, C., Renaud, F., Catzeﬂis, F., Durand, P., Hugot, J. P.
and Morand, S. (1997). A comparative analysis of parasites species
richness of Iberian rodents. Parasitology 115, 453–466. doi: 10.1017/
S0031182097001479.
Gotelli, N. J. (2000). Null model analysis of species co-occurrence patterns.
Ecology 81, 2606–2621.
Gotelli, N. J. and McCabe, D. J. (2002). Species co-occurrence: a meta-
analysis of J. M. Diamond’s assembly rules model. Ecology 83, 2091–2096.
Gotelli, N. J. and Rohde, K. (2002). Co-occurrence of ectoparasites of
marine ﬁshes: a null model analysis. Ecology Letters 5, 86–94. doi: 10.1046/
j.1461-0248.2002.00288.x.
Entsminger, G. L. (2012). EcoSim Professional: Null Modeling Software
for Ecologists. Version 1. Acquired Intelligence Inc., Kesey-Bear, & Pinyon
Publishing. Montrose, CO 81403, USA. http://www.garyentsminger.com/
ecosim/index.htm
Hawlena, H., Krasnov, B. R., Abramsky, Z., Khokhlova, I. S.,
Saltz, D., Kam,M., Tamir, A. andDegen, A. A. (2006a). Flea infestation
and energy requirements of rodent hosts: are there general rules? Functional
Ecology 20, 1028–1036. doi: 10.1111/j.1365-2435.2006.01190.x.
Hawlena, H., Khokholova, I. S., Abramsky, Z. and Krasnov, B. R.
(2006b). Age, intensity of infestation by ﬂea parasites and bodymass loss in a
rodent host. Parasitology 133, 187–193. doi: 10.1017/S003118200600030.
Hawlena, H., Krasnov, B. R., Abramsky, Z., Khoklova, I. S., Goüy de
Bellocq, J. and Pinshow, B. (2008). Eﬀects of food abundance, age, and
ﬂea infestation on the body condition and immunological variables of a
rodent host, and their consequences for ﬂea survival. Comparative
Biochemistry and Physiology 150, 66–74. doi: 10.1016/j.cbpa.2008.03.004.
Hopkins, G. H. E. and Rothschild, M. (1962). An Illustrated Catalogue
of the Rothschild Collection of Fleas (Siphonaptera) in the British
Museum (Natural History), Vol III: Hystrichopsyllidae. British Museum,
London, UK.
Johnson, J. B. and Omland, K. S. (2004). Model selection in ecology and
evolution. Trends in Ecology and Evolution 19, 101–108. doi: 10.1016/j.
tree.2003.10.013.
Jordan, K. (1958). Contribution to the Taxonomy of Stenoponia
J. et R. (1911), a genus of Palearctic and Nearctic ﬂeas. Bulletin of the
British Museum (Natural History). Entomology 6, 169–202.
Khokhlova, I. S., Krasnov, B. R., Kam, M., Burdelova, N. I. and
Degen, A. A. (2002). Energy cost of ectoparasitism: the ﬂea Xenopsylla
ramesis on the desert gerbil Gerbillus dasyurus. Journal of Zoology 258,
349–354. doi: 10.1017/S0952836902001498.
Khokhlova, I. S., Spinu, M., Krasnov, B. R. and Degen, A. A.
(2004a). Immune response to ﬂeas in a wild desert rodent: eﬀect of parasite
species, parasite burden, sex of host and host parasitological experience.
Journal of Experimental Biology 207, 2725–2733. doi: 10.1242/jeb.01090.
Khokhlova, I. S., Spinu, M., Krasnov, B. R. and Degen, A. A. (2004b).
Immune responses to ﬂeas in two rodent species diﬀering in natural
prevalence on infestation and diversity of ﬂea assemblages. Parasitology
Research 94, 304–311. doi: 10.1007/s00436-004-1215-4.
Krasnov, B. R. (2008). Functional and Evolutionary Ecology of Fleas:
a Model for Ecological Parasitology. Cambridge University Press,
Cambridge.
Krasnov, B. R., Shenbrot, G. I., Khokhlova, I. S. and Degen, A. A.
(2004). Flea species richness and parameters of host body, host geography
and host ‘milieu’. Journal of Animal Ecology 73, 1121–1128. doi: 10.1111/
j.0021-8790.2004.00883.x.
Krasnov, B. R., Mouillot, D., Khokhlova, I. S., Shenbrot, G. I. and
Poulin, R. (2005). Covariance in species diversity and facilitation among
non-interactive parasite taxa: all against the host. Parasitology 130, 557–568.
doi: 10.1017/S0031182005007912
Krasnov, B. R., Stanko, M. and Morand, S. (2006). Are ectoparasite
communities structured? Species co-occurrence, temporal variation and null
models. Journal of Animal Ecology 75, 1330–1339.
Krasnov, B. R., Matthee, S., Lareschi, M., Korallo-Vinarskaya, N. P.
and Vinarski, M. V. (2010). Co-occurrence of ectoparasites on rodent
hosts; null model analyses of data from three continents.Oikos 119, 120–128.
doi: 10.1111/j.1600-0706.2009.17902.x.
Krasnov, B. R., Shenbrot, G. I. and Khokhlova, S. (2011). Aggregative
structure is the rule in communities of ﬂeas: null model analysis. Ecography
34, 751–761. doi: 10.1111/j.1600-0587.2010.06597.x.
Kuris, A.M., Blaustein, A. R. and Alio, J. J. (1980). Hosts as islands.
American Naturalist 116, 570–586.
MacArthur, R. H. and Wilson, E. O. (1967). The Theory of Island
Biogeography. Princeton University Press. Princeton, NJ.
Mans, B. J., Louw, A. I. and Neitz, A.W.H. (2002). Evolution of
hematophagy in ticks: common origins for blood coagulation and platelet
aggregation inhibitors from soft ticks of the genus Ornithodoros. Molecular
Biology and Evolution 19, 1695–1705.
McTier, T. L., George, J. E. and Bennet, S. N. (1981). Resistance and
cross-resistance of guinea pigs to Dermacentor andersoni Stiles, D. variabilis
(Say), Amblyomma americanum (Linnaeus), and Ixodes scapularis Say.
Journal of Parasitology 67, 813–822.
Morand, S. (2000). Wormy world: comparative tests of theoretical
hypotheses on parasite species richness. In Evolutionary Biology of Host–
Parasite Relationships: TheoryMeets Reality (ed. Poulin, R.,Morand, S. and
Skorping, A.), pp. 63–79. Elsevier, Amsterdam, the Netherlands.
Nogales, M., Rodríguez-Luengo, J. L. and Marrero, P. (2006).
Ecological eﬀects and distribution of invasive non-native mammals on the
Canary Islands. Mammal Review 36, 49–65. doi: 10.1111/j.1365-
2907.2006.00077.x.
Nunn, C. L., Altizer, S., Jones, K. E. and Sechrest, W. (2003).
Comparative tests of parasites species richness in primates. American
Naturalist 162, 597–614.
Rando, J. C. (2009). Control de roedores, equipamientos de uso público y
centros del Cabildo de Tenerife localizados en Espacios Naturales
Forestales. Área de Medio Ambiente y Paisaje, Cabildo de Tenerife.
R Development Core Team 3.0.1. (2013). A Language and Environment
for Statistical Computing. R Foundation for Statistical Computing, Vienna,
Austria. http://www.R-project.org.
Stevenson, M., Nunes, T., Sanchez, J., Thornton, R., Reiczigel, J.,
Robison-Cox, J. and Sebastiani, P. (2013). epiR: An R package for the
analysis of epidemiological data. R package version 0.9–48. http://CRAN.R-
project.org/package=epiR.
Stanko, M., Miklisova, D., de Bellocq, J. G. and Morand, S. (2002).
Mammal density and patterns of ectoparasite species richness and
abundance. Oecologia 131, 289–295. doi: 10.1007/s00442-002-0889-5.
Stone, L. and Roberts, A. (1990). The checkerboard score and species
distributions. Oecologia 85, 74–79.
Tobin, M. E. and Sugihara, R. T. (1992). Abundance and habitat
relationships of rats in Hawaiian sugarcane ﬁelds. Journal of Wildlife
Management 56, 816–822.
Viney,M. E., Riley, E.M. and Buchanan, K. L. (2005). Optimal immune
responses: immunocompetence revisited. Trends in Ecology and Evolution
20, 665–669. doi: 10.1016/j.tree.2005.10.003.
Zuur, A. F., Ieno, E. N. and Smith, G.M. (2007). Analysing Ecological
Data. Springer, New York, USA.
Zuur, A. F., Ieno, E. N.,Walker, N. J., Saveliev, A. A. and Smith, G.M.
(2009). Mixed Eﬀects Models and Extension in Ecology with R. Springer,
New York, USA.
521Co-occurrence of ﬂeas in rodents in the Canary archipelago
http://dx.doi.org/10.1017/S0031182013001753
Downloaded from http:/www.cambridge.org/core. Open University Libraryy, on 22 Dec 2016 at 20:48:38, subject to the Cambridge Core terms of use, available at http:/www.cambridge.org/core/terms.
